The detection of B-mode shows a very powerful constraint to theoretical inflation models through the measurement of the tensor-to-scalar ratio r. Higgs boson is the most likely candidate of the inflaton field. But usually, Higgs inflation models predict a small value of r, which is not quite consistent with the recent results from BICEP2. In this paper, we explored whether a cosmological constant energy component is needed to improve the situation. And we found the answer is yes. For the so-called Higgs chaotic inflation model with a quadratic potential, it predicts r ≈ 0.2, ns ≈ 0.96 with e-folds number N ≈ 56, which is large enough to overcome the problems such as the horizon problem in the Big Bang cosmology. The required energy scale of the cosmological constant is roughly Λ ∼ (10 14 GeV) 2 , which means a mechanism is still needed to solve the fine-tuning problem in the later time evolution of the universe, e.g. by introducing some dark energy component.
I. INTRODUCTION
Recently the detection of B-mode from CMB by the BICEP2 group [1] has indicated a strong evidence of inflation [2] [3] [4] , which solves many theoretical puzzles in the Big Bang cosmology. The B-mode polarization can be only generated by the tensor perturbations. According to the reports of the BICEP2 experiment, the tensor-toscalar ratio is in range: r = 0.20
+0.07
−0.05 (68% CL). In a simplest slow-roll inflation model, the early universe was driven by a single scalar field φ with a very flat potential V (φ). Usually, we call this field the inflaton. Although there are many inflation models in the market, we still do not well-understand what is the inflaton. The most economical and fundamental candidate for the inflaton is the standard model (SM) Higgs boson, which has been already observed by the collider experiment LHC in 2012 [5, 6] . In this sense, Higgs inflation is a simple and elegant model. However, it is not easy for the Higgs boson to realize a inflation model with correct density perturbations. To see this, we estimate the inflaton mass from the amplitude A s of the scalar perturbation power spectrum in the chaotic inflation model [7] with a quadratic potential V (φ) = m 2φ2 /2:
which is many orders of magnitude larger than the observed Higgs mass, m h ≈ 125.9±0.4 GeV. In other words, the potential of Higgs field h is not flat enough to realize an inflation. By introducing a non-minimal coupling to the gravity (∼ h 2 R) , one could indeed achieve such a flat * Electronic address: fengcj@shnu.edu.cn † Electronic address: kychz@shnu.edu.cn potential [8] after a conformal transformation. And the predictions of this kind of non-minimal coupling Higgs inflation are well consistent with observations before BI-CEP2. The authors in ref. [9] have found that this model can not accommodate the new measurement from BI-CEP2, because it generally predicts a small amplitude of tensor perturbations. An alternative Higgs inflation model was proposed in ref. [10] , in which the Higgs boson kinetic term is non-minimally coupled to the Einstein tensor (∼ G ab ∂ a h∂ b h). According to the recent analysis on this model [11] , it predicts r ≈ 0.16 when the number of e-folds N ≈ 33, since r ≈ 16/(3N + 1) in this model. However, to overcome the problems in the Big Bang theory, the number of e-folds is required to be around N ≈ 60, then the tensor-to-scalar ratio becomes even smaller, say r ≈ 0.09.
Another interesting Higgs inflation model called the Higgs chaotic inflation is proposed in ref. [12] . In this model, the SM Higgs boson realizes the quadratic chaotic inflation model, based on the so-called running kinetic inflation [13, 14] . The kinetic term of the inflaton is significantly modified at large field values, while it becomes the canonical one when h is small. The value of r in this model is the same as that in the chaotic inflation model with a quadratic potential, i.e. r = 8/N . For N ≈ 60, it predicts r ≈ 0.13, but if we require a larger r, say r ≈ 0.2, a smaller N is needed, say N ≈ 40, which is a little better than that predicted in the other Higgs inflation models, see ref. [15] for recent revisited in this model. It seems that the Higgs chaotic inflation is a charming Higgs inflation model in the market.
On the other hand, there is a challenge for a single field inflation with BICEP2 result. For the chaotic inflation, the larger the value of the tensor-to-scalar ratio is, the smaller the value of the running of the spectral index is, see the details in ref. [16] . Therefore, to be more consistent with observations, one might consider a little more beyond a single inflation model. Among many choices, the cosmological constant is often forgotten when one building an inflation model, since by itself only the exact scale-invariant Harrizon-Zel'dovish power spectrum with the scalar spectral index n s = 1 could be produced, which is already ruled out at over 5σ by Planck [17] . However, we find that the situation is changed when the early universe is dominated by the cosmological constant as well as the inflaton. It could give n s ≈ 0.96, r ≈ 0.2 when the number of e-folds is not so small, say N ≈ 56, and it also predict the correct magnitude of the spectrum amplitude.
In the following, we will assume that the running kinetic approach is a correct way to realize inflation by SM Higgs boson and we also assume that both inflaton and the cosmological constant dominated the universe during the inflation time. In next section, we give a briefly review of the running kinetic inflation and then we pursue the role played by the cosmological constant during inflation. Finally, we will draw our conclusions and give some discussions in the last section.
II. RUNNING KINETIC INFLATION
The running kinetic inflation can be easily implemented in supergravity by assuming a shift symmetry exhibiting itself in the Kähler potential at high energy scales, while this symmetry is explicitly broken and therefore becomes much less prominent at low energy scales. In the unitary gauge, one can write down the Lagrangian for the Higgs boson h [12] [13] [14] [15] :
The effect of non-canonical kinetic term is significant for large h ≥ 1/ √ ξ. The kinetic term grows as h 2 , that is why the name "running kinetic inflation". By redefining the Higgs field, one can rewrite the Lagrangian in terms of canonically normalized field φ ≡ ξ/8h 2 with the effective potential
Thus, the quadratic chaotic inflation occurs.
III. THE ROLE OF THE COSMOLOGICAL CONSTANT DURING INFLATION
Assuming the universe was dominated by both the inflaton and the cosmological constant, the Friedmann equation could be written as
where
GeV is the reduced Planck mass. Then by using definition of the slowroll parameters, we get
And also the amplitude of the scalar perturbation power spectrum is given by
which is defined as P s = A s (k/k * ) ns−1+··· . By using the relations n s − 1 = 2η − 6ǫ with n s the scalar spectrum index and r = 16ǫ with r the tensor-to-scalar ratio, we obtain the inflaton mass in terms of n s , r and A s :
and also the value of the cosmological constant:
The number of e-folds could be also given by
By using Eqs. (9), (10) and the value of φ:
obtained from Eqs. (5), (6) and (7), we get
Substituting the observed values of n s ≈ 0.96, r ≈ 0.20 and A s ≈ 2.19 × 10 −9 into Eq.(8), we estimated the mass of the inflaton as m ≈ 2.59 × 10 13 GeV. If ξ is sufficiently large, say ξ ≈ 4.6 × 10 9 in Eq.(3), the quartic coupling could be λ h ≈ 0.13, which is required to explain the correct electroweak scale and the Higgs boson mass m h = √ 2λ h v. The large value of ξ could be understood in terms of symmetry, see refs. [12] [13] [14] [15] for details.
The scale of the cosmological constant can be estimated from Eq.(9), Λ ≈ 1.85 × 10 −9 M 2 pl ≈ (1.05 × 10 14 GeV) 2 . As usual, the fine-tuning problem of the cosmological constant still exist at later time. Alternatively, one can consider some dynamical dark energy models instead, which are more like a cosmological constant component at early time.
From Eq. (12), we obtain the number of e-folds as N ≈ 56 , which looks enough to solve the horizon problem, the flat problem etc. in the Big Bang cosmology. In other words, the model could predict r ≈ 0.2 and n s ≈ 0.96 by given N ≈ 56. Of course, the cosmological constant and the mass of the inflaton should take the values estimated above. From Fig.1 , one can see that the value of N increases with Λ for small Λ values, while it decreases for large Λ values. This could be easy to understand: when Λ is small, we have φ 2 , m 2 ∼ Λ, see Eqs. (8), (9) and (11) , then N ∼ Λ. But when Λ is large, we have φ 2 ∼ 1/Λ, m 2 ∼ Λ 2 , then N ∼ 1/Λ, which approaches to zero when Λ goes to infinity. The latest analysis of the data including the P lanck CMB temperature data, the WMAP large scale polarization data (WP) , CMB data extending the Planck data to higher-l, the Planck lensing power spectrum, and BAO data gives the constraint on the index n s of the scalar power spectrum [17] : 0.9583 ± 0.0081(Planck + WP), 0.9633 ± 0.0072 (Planck +WP+lensing), 0.9570 ± 0.0075 (Planck +WP+highL), 0.9607 ± 0.0063 (Planck +WP+BAO). It also gives an upper bound on r 0.25.
The BICEP2 experiment constraints the tensor-scalarratio as: r = 0.20 +0.07 −0.05 in ref. [1] . They are also other groups have reported their constrain results on the ratio: r = 0.23
+0.05
−0.09 in ref. [18] by adopting the Background Imaging of Cosmic Extragalactic Polarization (B2), Planck and WP data sets; r = 0.20
+0.04
−0.05 in ref. [19] combined with the Supernova Legacy Survey (SNLS); r = 0.199 +0.037 −0.044 in ref. [20] by adopting the Planck, supernova Union2.1 compilation, BAO and BICEP2 data sets; and also r = 0.20
−0.06 in ref. [21] with other BAO data sets. This B-mode signal can not be mimicked by topological defects [22] . The most likely origin of this signal is from the tensor perturbations or the gravitational wave polarizations during inflation.
Here, one can see that the cosmological constant plays an important role. It helps the universe to inflate at early time and contributes to the number of e-folds though Eq.(10). As a result, the inflaton field φ could be smaller than that without Λ. To see this, we estimate φ ≈ 9M pl from Eq. (11), while φ ≈ √ 4N M pl ≈ 15M pl without Λ. Then, the slow-roll parameter ǫ could become also larger, which will then enhance the tensor-to-scalar ratio, r ≈ 16ǫ, see Fig.2 . Therefore, it is likely that the cosmological constant energy component is needed in the Higgs chaotic inflation with quadratic potential. 
IV. CONCLUSION AND DISCUSSION
The recent detection of B-mode by BICEP2 indicates an exciting leap forward in our ability to explore the early universe and fundamental physics. The measurement of the tensor-to-scalar ratio r ≈ 0.2 shows a very powerful constraint to theoretical inflation models. Higgs boson is the most likely candidate of the inflaton field. However, its mass m h ∼ O(10 2 ) GeV is much smaller than that for a inflaton m ∼ O(10 13 ) GeV. To solve this hierarchy problem, a non-minimal coupling between the Higgs boson and gravity or a non-canonical kinetic term is needed. Usually, these Higgs inflation models predict a small value of r, which is not quite consistent with the results from BICEP2. In this paper, we explored whether a cosmological constant energy component is needed to improve the situation. And we found the answer is yes. The Higgs chaotic inflation now predicts r ≈ 0.2, n s ≈ 0.96 with e-folds number N ≈ 56, which is large enough to overcome the problems in the Big Bang cosmology.
However, we are still far from understanding the cosmological constant. And we haven't solve its fine-tuning problem in the later time evolution of the universe, which is asked why the present value of the cosmological constant is so small, or why the universe is accelerating at present z ∼ 1. Noticed that the slow-roll parameters have a finite maximum value from Eqs. (5) and (6) as long as Λ = 0: ǫ max ≈ m 2 /Λ when φ = √ 2Λ/m, and η max ≈ m 2 /Λ when φ → 0. It seems that the inflation will never end if Λ > m 2 . To end the inflation, one may need a phase transition of a heavy Higgs boson χ with its mass at GUT scale, and it also slightly couples to the light one that responsible to inflation by ∼ h 2 χ 2 . At the beginning of inflation, the heavy Higgs boson is stable at its true vacuum (χ = 0), then it only contributes a constant potential, which can be regarded as the cosmological constant. When the inflaton rolls down the potential and becomes small enough, the vacuum at χ = 0 turns to be a false one and the heavy boson would be no longer stable, then it rolls to true vacuum to end the inflation. In fact, the endless inflation is essentially due to the cosmological fine-tuning problem. Once a correct mechanism is found to reduce Λ to its present observational value, then the inflation would be certainly end. We will give a concrete example in detail to realize such a mechanism that may solve the fine-tuning problem in the later work [23] .
The challenge for a single field inflation to predict a large value of the running of the index still exit, n ′ s ≡ dn s /d ln k ≈ −0.00025 for r ≈ 0.2 in our case, see also ref. [16] for detail discussions on this issue. But the constraint on the running is not so tight: n ′ s ≈ −0.013±0.009(68%CL) from the analysis of Planck data, see ref. [17] . Furthermore, if additional sterile neutrino species are taken into account in the universe, one could also obtain r ≈ 0.20 without the running of the spectral index (n ′ s ∼ 0), see refs. [24] [25] [26] . Certainly, if a large running is well-confirmed in future, then other mechanisms explain it are urgently needed.
